Collective motion in nonequilibrium steady state suspensions of self-propelled Janus motors driven by chemical reactions can arise due to interactions coming from direct intermolecular forces, hydrodynamic flow effects, or chemotactic effects mediated by chemical gradients. The relative importance of these interactions depends on the reactive characteristics of the motors, the way in which the system is maintained in a steady state, and properties of the suspension, such as the volume fraction. From simulations of a microscopic hard collision model for the interaction of fluid particles with the Janus motor we show that dynamic cluster states exist and determine the interaction mechanisms that are responsible for their formation. The relative importance of chemotactic and hydrodynamic effects is identified by considering a microscopic model in which chemotactic effects are turned off while the full hydrodynamic interactions are retained. The system is maintained in a steady state by means of a bulk reaction in which product particles are reconverted into fuel particles. The influence of the bulk reaction rate on the collective dynamics is also studied.
Introduction
A large number of molecular machines have evolved in the natural world that are able to operate singly and collectively to perform essential biological functions at the nanoscale [1] . On somewhat larger scales bacteria and other swimming microorganisms behave collectively by performing work on the fluid in which they are immersed, and it has been shown that effects arising from hydrodynamic interactions among such active swimmers are of crucial importance to understand the origins and characteristics of their collective motion [2] [3] [4] [5] [6] [7] [8] [9] . More generally, a considerable research effort has been devoted to the study of the collective dynamics observed in various types of media that contain actively propelled particles, due, in part, to the rich nonequilibrium phenomena they exhibit [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Among such active particles are synthetic chemicallypropelled nanomotors, which have also been studied extensively [21] [22] [23] [24] . Synthetic nanomotors are of particular interest since their morphology and chemical properties may be tailored for specific tasks [25] . Ensembles of such chemically-powered motors display collective behavior that is influenced by the chemical gradients that exist in these systems, as well as hydrodynamic flow effects [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] .
In this paper we study the collective properties of suspensions of spherical Janus motors whose activity arises from a diffusiophoretic mechanism. In the self-diffusiophoretic mechanism, asymmetric catalytic activity on the surface of a nanomotor produces inhomogeneous local concentrations of chemical species that give rise to a body force on the motor that is responsible for its propulsion [23, 38, 39] . As a result of momentum conservation, a self-propelled motor moving in a fluid medium is coupled to the motions of solvent molecules and generates fluid flows which are an essential element in the diffusiophoretic mechanism [38] . Experimental studies of suspensions of Janus motors have shown dynamical clustering, phase separation and giant number fluctuations [16, 27, 30] . Chemotactic effects that arise from concentration-mediated interactions among motors have been shown to play a role in the collective dynamics of such chemically-powered motors [27, [32] [33] [34] .
The strength and direction of chemotactic and hydrodynamic interactions among motors in a suspension depend on their relative orientations since concentration and flow fields are induced by catalytic reactions taking place on specific parts of the motor surfaces; consequently, motor morphology plays a role in determining the dynamical properties of active suspensions. The effects of the size of the catalytic patch on the dynamics of a single Janus motor in bulk [40] or near a wall [41] and on the interactions between two motors [42] have been studied using continuum theory.
We investigate the effect of the size of a Janus motor's catalytic surface on the induced flows in the surrounding fluid and on the roles that hydrodynamic and chemical interactions play in the collective behavior of a suspension of Janus motors. Our study is carried out using particle-based simulations employing a microscopic model of hard collisions between motor and fluid particles [43] . Modifications of the model are made to isolate the various factors that contribute to collective behavior of active suspensions. The outline of the paper is as follows: in section 2 a brief review of the microscopic model is presented, followed by a discussion of the steady-state concentration and flow fields for a single Janus motor with various catalytic cap sizes. In section 3 the collective properties of systems containing many Janus motors are examined, and the structural features and dynamical behavior of suspensions of different types of motors as a function of volume fraction and steady state conditions are discussed with particular attention to the relative importance of chemotactic versus hydrodynamic interactions among motors. A summary of results is given in section 4.
Janus motor and its nonequilibrium dynamics
It is useful to discuss some of the features of a single Janus motor and its dynamics before describing the collective dynamics of many motors. We consider a hard-sphere model of a chemically-powered self-propelled Janus motor moving in a fluid medium containing N A fuel A and N B product B particles [43] . Irreversible chemical reactions, A B , take place on the catalytic portion of the Janus motor surface and are the source of concentration gradients that lead to diffusiophoretic motor propulsion. The system is maintained in a nonequilibrium steady state through irreversible chemical reactions, B A k 2
, in the bulk of the solution, and the rate at which these bulk phase reactions occur controls the magnitudes of the steady state concentration fields. The bulk reaction rate also determines how rapidly these fields decay with distance from the surface of the Janus motor through their dependence on the inverse screening length k D
2
, where D is the common A and B species diffusion coefficient. The evolution of the entire system is governed by a coarse-grain dynamics that combines molecular dynamics and multiparticle collision dynamics [44] [45] [46] [47] and is described in appendix A.
A schematic picture of a Janus motor is shown in figure 1 . It is a sphere with catalytic (C) and noncatalytic (N) surfaces that interacts with the A B , species through hard potentials, W r ( ), where W r ( ) if r R and zero when r R . When a particle of species α encounters the Janus sphere at radius R α it undergoes a modified bounce-back collision that exchanges linear and angular momenta with the Janus motor [43] . The effective radius R of the outer edge of the boundary layer of the Janus motor is chosen as the larger of the two interaction radii. The area of the catalytic surface is determined by the angle C measured from the pole of the catalytic surface, located by the unit vector û , to the interface between the C and N surfaces. In general reactive collisions, C A C B , occur with probability p R whenever an A particle encounters the motor catalytic surface ( C ), but we choose unit probability p R = 1 in this study. Reactions on the catalytic motor surface create an inhomogeneous concentration field c r B ( ). Since the A and B particles have different interaction radii, a body force acts on the motor and is responsible for its propulsion. Because the system is force free, the forces on the motor induce a flow field v r ( ) in the surrounding fluid, which is important for the motor self-propulsion mechanism [48, 49] . The continuum approximations to the concentration and velocity fields can be found by solving the coupled reaction-diffusion and Stokes equations. The velocity field at the outer edge of the boundary layer near the motor surface (r = R) is given by
, where the slip velocity is [50] ( ) is determined by the different interactions of the A and B species with the Janus motor, as reflected in their different interaction radii, R A and R B . Due to the fact that catalytic reactions occur only on the C surface, the gradient field, c B , changes rapidly across the interface between the C and N surfaces along the θ direction. Therefore, one expects that the largest slip velocity will occur at C−N interface and
. The profiles of the concentration and velocity fields vary with the surface area of catalytic cap and the inverse screening length κ. We first consider fixed interaction radii R A = 2.5 and R B = 2.45, and 0.12 . Since R R A B , 0 , and the Janus motor interacts more weakly with the B particles than with A particles giving rise the motor self propulsion in the forward direction (forward-moving motor) defined as being in the direction of û (see figure 1) . The catalytic cap areas we consider are derived from 30 C , 90
• and 150
• . Figure 2 compares the steady-state product concentration, c r B ( ), and flow fields, v r ( ), in the vicinity of the Janus motor for these different cap sizes. As expected, the maximum product concentration occurs at the catalytic surface and deceases in both radial and tangential directions from this surface. As noted above, the direction of motor motion is determined by the interaction potentials between the Janus motor and the fuel and product particles. For the forward-moving Janus motors considered here, the near-field flows generated in the surrounding fluid change significantly as the catalytic surface area varies. For the Janus motor with 30
C
, there are two incoming flows along the motor axis û and an outgoing flow in the lateral direction , while the fluid velocity flow fields are in the opposite direction for the Janus motor with 150
, solvent particles are pushed away in front of the Janus motor and an incoming flow is induced at the rear of the motor, along with a more complicated fluid circulation in the lateral directions [49] .
Making use of the continuum expression for the slip velocity in equation (1), the characteristics in the fluid flow field observed in the simulations can be related to the location of the C−N interface on the motor surface. For the Janus motor with 30 C , this interface lies near the head of the sphere, indicated by the û vector and termed the north pole, inducing a velocity field v v s ( ) that moves solvent particles from the front of the motor to the lateral directions; the solvent flow field at the south pole is V v u u ˆsince the gradient field c B is small. Similarly, for a motor with a large catalytic surface ( 150 C ), the C−N interface is close to the south pole of the sphere producing a flow field that takes solvent particles from the lateral directions to the noncatalytic N surface; solvent particles in front of the motor are pushed away from the motor. For the Janus motor with , the gradient field c B is small near both the north and south poles so that the induced flow is largely determined by the motion of the Janus motor in these two regions.
Collective dynamics in suspensions of Janus motors
The dynamics of many Janus motors suspended in reactive fluids is governed by direct interactions between motors as well as fluid-mediated chemotactic and hydrodynamic interactions that lead to collective behavior, such as the formation of dynamic nonequilibrium cluster states. Chemotactic interactions have their origin in the inhomogeneous concentration fields that arise from motor asymmetric catalytic activity. This inhomogeneity is sensitive to the local environment each motor experiences, and the gradients in concentration created at the surface of one motor influence both the reaction dynamics and the local body forces that drive active motion in surrounding motors. At the same time the motion of each motor induces flow fields in the surrounding fluid that couple the dynamics of motors via hydrodynamic interactions. Depending on microscopic characteristics of the interactions, chemotactic and hydrodynamic interactions can work either cooperatively or against one another to enhance or suppress dynamical clustering. Both the chemotactic and hydrodynamic interactions depend strongly on the size of the catalytic cap on the spherical Janus motors.
In the simulations described below, we consider a system of N J Janus motors and N S fluid molecules of species A and B in a periodic cubical box of side length L. The motors interact directly with one another through a repulsive Lennard-Jones potential with length scale J so that the effective excluded volume is V , motors move backward, away from regions of high product concentration. In previous studies [37, 43] it was found that cooperative motion in collections of both backward-moving sphere-dimer and Janus motors was significantly reduced compared to that in systems of forward-moving motors. For this reason, below we focus on the more interesting clustering properties found in suspensions of forward-moving motors. Unless stated otherwise, for most of the results in this section the interaction radii of the A and B particles are set to R A = 2.5 and R B = 2.35, while the bulk reaction rate constant is chosen to be k 10 , where c 0 is the total concentration of A and B), are given for systems with various cap sizes and volume fractions. The steady state composition will play some role in determining the collective behavior. Figure 3 (a) shows the ensemble and time average in the steady state of the projection of the motor propulsion velocity along û , figure 3(a) ), and effective diffusion coefficient, D e ( ), (from linear fits to long-time mean-square displacement in figure 3) • , the general structure of the mean squared displacement r t 2 ( ) is the same, which consists of a crossover of r t 2 ( ) from short-time ballistic motion due to self-propulsion to long-time diffusive behavior, as can be seen in figure 3(b) for all f. However, for motors with large catalytic caps 
Clustering in suspensions of motors
Previous studies have shown that active Brownian particles can segregate into domains of low and high motor density [19, 30, 52, 53] . Stochastic models of the collective behavior of diffusiophoretic Janus motors have indicated the possibility of a number of different dynamical states: gas-like states, dynamic cluster states where small clusters form and dissociate in a background of gas-like motor dynamics, collapsed cluster states where a single cluster forms in the system, as well as more complicated states [32, 33] . Microscopic simulations of large collections of thousands of diffusiophoretically propelled sphere dimer motors show segregation into high and low density motor phases that are subject to thermal fluctuations [37] .
In the present study, for certain choices of cap size and volume fraction, the cooperative dynamics in suspensions of active Janus motors leads to the formation of dynamic states of nonuniform density. The full characterization of such states necessitates the determination of the scaling structure of the coarsening process and the nature of the inhomogeneous steady state density [54] . Our simulations are carried out on small systems where the distinction between dynamic clusters and phase segregated states is difficult to discern. Consequently, we shall refer to states with inhomogeneous density as cluster states.
We now examine some of the properties of these states and factors that lead to their formation. ) as f varies. To quantitatively describe motor clustering, we compute the motor radial distribution function in the steady state, g(r), for various volume fractions. As indicated by the black arrows in the plots of g(r) in figure 5 , it is evident that as f increases, clustering is strongly enhanced for the system with small-cap-size motors, a weak enhancement is seen for motors of intermediate cap size, whereas clustering is suppressed for motors with large catalytic caps.
Clustering mechanisms for Janus motors with large caps
Chemotactic interactions are controlled by gradients in the concentrations of reactive species. At large volume fractions of motors with large cap sizes one might anticipate that chemical gradients will be smoothed because of the high concentration of product molecules in the system, thereby reducing chemotactic interactions among the Janus motors. Indeed, as can be seen in the density maps of c r, B ( )in the steady state shown in figures 6(a)-(c). While significant gradients in the B concentration can be seen in the radial direction at low volume fractions, a homogeneous distribution of B particles is found for suspensions of large-cap motors at 0.26 . These differences have only small effects on the self-propulsion speed of the motor. The propulsion speed is proportional to the tangential component of the concentration of the product at the surface of the motor. As can be seen in figure 6(d) , the tangential component of the gradient at the motor surface at r=R is effectively independent of the volume fraction for motors with large catalytic caps even though the average B concentration increases substantially in the axial direction ( 0 ) with volume fraction (see figure 6(e) ). For dilute suspensions, a B-particle gradient field exists that is responsible for a chemotactic effect in which two motors are drawn close to one another due to the production of high local densities of the less repulsive B particles. As the motor volume fraction increases, the density of B in the radial direction increases and becomes more uniform. As a result, only small inhomogeneities can be created locally around the catalytic surfaces of the motors and only weak chemotactic attractive interactions can be induced. Consequently, cluster formation is discouraged as the volume fraction of the large-cap motors in the suspension increases, as observed in figure 5.
Hydrodynamic effects in the collective dynamics
Hydrodynamic interactions among active swimmers have been investigated extensively [2] [3] [4] [5] [6] [7] [8] [9] . 'Puller' swimmers, characterized by an incoming fluid flow along the poles of the swimmer and outgoing flows in lateral directions, bring swimmers together along the direction of their swimming axis and are repulsive in the perpendicular directions, while the reverse behavior is observed for 'pusher' swimmers. (A discussion of the near-and far-field fluid velocity fields for the hard Janus model with 90 C was given earlier [49] .) As discussed in section 2, the characteristics of the near-field fluid flow patterns for chemically-powered Janus motors depend strongly on the size of the catalytic cap. In going from small to large cap sizes, the Janus motor may be classified in terms of the near-field flows as a puller swimmer for small caps ( 
. The collective dynamics of suspensions of Janus motors may be affected by hydrodynamic interactions arising from these fluid flows, particularly for high volume fractions where the mean distance between motors is small.
The motor velocity fields in the suspension provide information on the effects of hydrodynamic flows on the collective motion. The vector field V M for the axially-symmetric system is shown in figure 7 where the local values of the average velocity vector are represented as arrows for a suspension of volume fraction 0.1 (see appendix B for details). Of particular interest are the motor flows in the region in front (i.e, at the catalytic head) of the motor where the A B reactions take place and give rise to the strongest concentration-mediated chemotactic interaction. In figure 7 the red-dashed and green-solid squares highlight regions around the nearest (r 6 ) and next-nearest neighbors (r 12 ), respectively. These distances correspond to the locations of the peaks in the plots of the radial distribution function g(r) shown in figure 5 . Within the red-dashed regions, one sees that the average motor flow velocity points inward toward the surface of the motor for small cap sizes, while for large cap sizes the motor flow velocities are outgoing from the motor surface.
Apart from direct intermolecular forces, the net interaction between motors is determined by chemotactic and hydrodynamic contributions. As illustrated in figure 8 , while the former interaction is attractive for all cap sizes, the hydrodynamic interaction is attractive in the region directly ahead of the motor for dominates over chemotactic attraction resulting in outgoing motor flows discussed earlier. These results suggest that hydrodynamic interactions may either enhance or reduce attractive interactions for the Janus motors with 30 C and 90
• , respectively. The interplay of chemotactic and hydrodynamic interactions explains the enhanced clustering observed in the Janus motors with small cap sizes. Since the dynamics of Janus motors is largely diffusive for suspensions of Janus motors with large cap sizes, the clustering mechanism is primarily influenced by the chemotactic interactions discussed in the previous section and hydrodynamic interactions play only a minor role. Nevertheless, hydrodynamic effects can been seen by comparing the solvent and motor velocity fields depicted in figures 2 and 7, where it is evident that these two fields have the same characteristic flow patterns.
To examine the degree of orientational ordering that accompanies the correlations in the motor velocity field for 30 C discussed above, we computed the average of the relative orientation of a motor, u M (see appendix B for details). This field is plotted in figure 9 . At the nearest neighbor distance in the front of the motor (highlighted by a red-dashed square), the average orientation is in the same direction as that of the motor at the origin. Similar orientational ordering can be seen for 90 ; C however, for 150 C neighboring motors are less ordered due to the dominance of diffusive motion and lack of active motion for this cap size. These results suggest that the clustering mechanism for self-diffusiophoretic Janus motors is not due primarily to motilityinduced phase separation [14] , where motors are dynamically jammed due to head-on collisions, but instead arises from attractive hydrodynamic and chemotactic interactions. 
Elimination of chemotactic interactions
Since all Janus motors in a suspension at a given volume fraction are identical, product molecules produced on one motor may interact with other motors giving rise to the chemotactic interactions discussed above. Of course, the catalytic reactions are also essential for the self-generated chemical gradients that are responsible for single motor propulsion. In order to gauge the relative importance of chemotactic and hydrodynamic effects we must be able to selectively turn off these interactions while not disturbing the self-propulsion diffusiophoretic mechanism for single motors which involves both local concentration gradients and coupling to fluid flow.
This can be achieved in the following way: we consider a collection of Janus motors in which each motor i produces a distinct product B i that interacts with motor i as a product particle but as a non-reactive A particle with all other motors j. In this way only the self-generated concentration gradient of B i is responsible for the propulsion of that motor. In this model the concentration-mediated chemotactic attraction is turned off while hydrodynamic interactions between Janus motors resulting from self-propulsion remain. (This method of turning off chemotactic interactions was used in an earlier investigation of the collective dynamics of oligomeric motors on a filament [36] .) Starting from an initial cluster configuration, a time sequence of motor configurations in which the system evolves in the absence of chemotactic interactions is shown in figure 10 . The cluster of Janus motors gradually breaks apart and the system reaches a steady state in which the motors are homogeneously distributed beyond the first solvation shell.
From an examination of the steady state radial distribution functions in figure 11(a) , the disappearance of clustering in the absence of concentration-mediated interactions is evident by the lack of structure in g(r). Nonetheless Janus motors still interact through hydrodynamic interactions in the absence of chemotactic attractions. Comparing figures 7 and 11(b) for 30
C
, it is clear that turning off chemotactic interactions has a significant impact on the motor velocity fields at short distances but a weaker influence at long distances. These results suggest that long-ranged interactions are mediated by hydrodynamic interactions, which bring Janus motors toward each other, while the short-ranged interactions are primarily due to chemotactic effects.
Screening due to bulk reactions
The bulk reaction B A k 2
is not only responsible for the supply of fuel that maintains the system in a nonequilibrium state but it also has an effect on the collective dynamics. Consider a single motor in solution. In the absence of a bulk reaction with fuel supplied only at large distances from the motor the c r, B ( )steady-state concentration field produced at the surface of the motor by the catalytic reaction A B will decay in the radial direction as c r r , 1 B ( ) [23] . When there is a bulk reaction this field decays as c r r , e B r ( ) [43] . Consequently, the concentration fields are 'screened' by the bulk reaction, and the screening length 1 will determine the range of chemotactic interactions among motors. A slow back reaction with a small value of k 2 will lead to longer-ranged chemotactic interactions that may influence motor clustering.
To study this effect, we consider a suspension of motors with various cap sizes and volume fraction 0.052 in bulk reacting media with different rate constants k 2 . In figure 12 , the radial distribution function of the Janus motors is shown for k 10 , the concentration-mediated interaction is strongly screened resulting in virtually no clustering for all cap sizes. As the bulk reaction rate decreases, clustering is found for Janus motors with small and intermediate cap sizes ( 90 C ) as can be seen by the increase in g(r) beyond the first peak. Note also that due to the different values where stronger motor clustering is observed. This is due to the fact that the chemotactic interaction between motors is more strongly screened when k 2 is large and motors move independently without clustering, while for small k 2 where the screening length is large, gradients of chemical species are smoothed since a large fraction of solvent particles consists of uniformly distributed product. This reduction in clustering due to high local uniform concentrations of product is similar to the reduction of clustering observed for motors with large-size caps for high volume fractions discussed in section 3.2.
Summary
Since the propulsion of a Janus motor depends on the asymmetric chemical reactions on its catalytic cap, changes the cap area have a significant influence on the concentration and flow fields near the motor surface and in the surrounding fluid. These changes are reflected in the chemotactic and hydrodynamic interactions that determine the collective behavior of suspensions of active Janus motors. Using particle-based simulations of Janus motor suspensions it was shown that chemotactic interactions are the dominant factor in motor cluster formation. Depending on the catalytic cap size, hydrodynamic interactions can either enhance or decrease the tendency to cluster by chemotactic interactions. In our simulations chemotactic interactions can be turned off, and, hence, the relative importance of chemotactic and hydrodynamic effects can be determined without modifying the diffusiophoretic propulsion mechanism that underlies the phenomena. Since variations in the catalytic cap size can change the qualitative character of the collective dynamics, it should be possible to observe such gross changes in experiments on Janus particle systems [55] .
In the simulations the system was driven out of equilibrium by bulk phase reactions that remove product and add fuel particles. As a result the concentration fields decay more rapidly with distance than if fuel were supplied at the boundaries. Consequently, the chemotactic interaction between motors is screened, and decreasing the bulk reaction rate constant and thereby increasing the screening length enhances clustering in suspensions provided the catalytic cap size is not too large. Thus, the way in which the system is maintained in a nonequilibrium state is an important factor to consider when studying collective dynamics, especially for threedimensional systems when fuel is supplied at the boundaries.
